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Introduction
[2] Climate records dating back to as much as 500,000 years are collected from ice cores recovered from the polar ice sheets. Climate data are extracted from the ice by the precise measurement of its composition and structure. The profile of a measured variable (for example, concentration of sulfate) with depth can be dated to give a time series that enables the construction of a climatic history. However, the relationship between the measured concentration in the core and the state of the atmosphere at the time of deposition is complicated by many factors including: rate of snow accumulation, changes in the transport processes between the source and the core site, and postdepositional change.
Signals from several ice core variables such as stable isotope ratios (d 18 O and dD), hydrogen peroxide (H 2 O 2 ) and methane sulphonate (MSA) are known to be modified with age in the ice, either reducing the amplitude of variations or modifying the seasonality of signals (MSA) [Cuffey and Steig, 1998; Johnsen et al., 2000; Kreutz et al., 1998; Pasteur and Mulvaney, 2000] . This work examines signals from more stable soluble impurities, such as sulfate, chloride, and sodium (which are commonly considered fixed in cold ice) for postdepositional change. We know that many chemical layers, even in the deep and old cores, can remain distinctly resolved [e.g., Zielinski et al., 1997] implying that little movement has occurred. However, it remains an unsubstantiated hypothesis to assume that the signal is locked in the original ice with which it was deposited. Recent work by Rempel et al. [2001] suggests that the downward advection of the whole soluble impurity profile is theoretically possible under conditions where there is a significant temperature gradient in the ice. Additionally, concentration profiles across volcanic layers (chemical peaks) often imply that these events lasted longer than their likely atmospheric duration, even after accounting for mix-ing of surface snow. This suggests the existence of some form of soluble impurity transport within the ice, causing peak broadening.
[3] If postdepositional movement of chemical species occurs, then it will be important to understand the migration process in order to interpret the ice core data correctly ( particularly for deep, high-resolution records). A thorough investigation of the mechanisms that might lead to movement is needed to determine the nature and extent of the possible effects. Until recently, data of a high-enough resolution at ages where it is possible to look for the peak broadening have been sparse. This paper addresses the question: is there evidence for diffusion of sulfate, chloride, and sodium in the Dome C ice core and if there is, what is the mechanism? There are two main parts: analysis of the core records for signs of peak broadening (section 2), and the proposal of mechanisms that could allow the movement of chemical species in the ice (section 3).
Diffusion Evidence
[4] In this section, we examine chemical data from the recently drilled Dome C ice core, Antarctica. By looking at the profile in young and old ice, we can test whether the mean characteristics of the signal are the same now as they were in the past. Changes that cannot be attributed to changes in climate or volcanic activity must be related to postdepositional processes in the ice. Time and depthdependent frequency analysis and a windowed-differencing operation are applied to the concentration profiles (rescaled to account for climatic variability) to search for peak broadening. We present evidence that limited but significant movement of solute occurs for sulfate and chloride ions, a large proportion of which we expect to exist in the liquid phase. Conversely, no signal damping is noted for the sodium profile, which is in keeping with the species being either dissolved in the lattice or in a solid phase at grain boundaries or veins. Effective diffusion coefficients are estimated with the aid of a numerical model.
Data
[5] We examine the records of sulfate, chloride, and sodium in the upper 350 m of the Dome C core, drilled during 1998 and 1999, by the European Project for Ice Coring in Antarctica (EPICA). This section of the core, dating back to about 11,000 years before present, originates from the Holocene period [Schwander et al., 2001] during which there has been only relatively minor climatic variation [Ciais et al., 1994] . Dome C is situated on the East Antarctic plateau (75°06 0 S, 123°24 0 E, elevation: 3233 m and mean annual temperature: À54.5°C), at a location around 1000 km from the coast, resulting in only a small fraction (composed chiefly of sodium chloride) of the total trapped impurities originating directly from the ocean. The remainder is predominantly composed of sulphuric acid (H 2 SO 4 ) from volcanic eruptions (spikes) and from marine biogenic activity (background), and hydrochloric acid (HCl) from the interaction of acid and salt in the atmosphere and snowpack. We place particular emphasis on the sulfate record, as it is the dominant impurity at these depths; sulfate and chloride data are used as good proxies for H 2 SO 4 and HCl [Barnes et al., 2002] .
[6] Sulfate and chloride were measured in the field using rapid ion chromatography where the sampling interval decreased from $0.07 to 0.03 m corresponding to an approximately constant ice equivalent depth . Sodium was also measured in the field using continuous flow analysis with an effective resolution around 0.02 m [Röthlisberger et al., 2000] . The effects of wind driven mixing of snow layers on the surface combined with the mean annual accumulation at the site (28 kg m À2 yr
À1
) prevent the resolution of annual layers in the core. Wind driven mixing will cause some smoothing and alteration of the profile, but will have no significant impact on the mean characteristics of the profile over timescales greater than a year. In this paper we consider only changes that have occurred after the initial deposition and settling of the snow at the surface. Throughout the paper, sections of core where a significant proportion of the chemical data are missing from the profile are excluded from the analysis for that species. Density measurements were made along the length of a 120 m satellite core. The temperature in the borehole changes only slightly from À54.2°C near the surface (30 m) to À51.6°C at 350 m (R. Mulvaney and E. Lefebvre, personal communication, 2001 ).
[7] The depth coordinates of the chemical data were corrected for densification and strain to give an unthinned ice equivalent depth, z. The Herron and Langway [1980] model applied in a previous study [Barnes et al., 2002] was used for densification, and the one-dimensional flow model applied by Schwander et al., [2001] was used to give the unstrained depth in the ice.
[8] Variation in the accumulation rate (the standard deviation of the annual accumulation rate for this section of core is 8%) was not found significantly to influence the results of the subsequent analysis. Hence for simplicity a constant accumulation rate was assumed while estimating the diffusion coefficient, which was set at the long-term rate for the period, a = 0.030 m yr
. The time series profile of concentration, c, against time, t, can then be given by: c(t) = c(z/a). The uncertainty on the age of the core is ±200 years by an age of 10 kyr [Schwander et al., 2001] .
[9] Figure 1 shows the chemical profiles used for the investigation, plotted against both unthinned ice equivalent depth and time. The background sulfate concentration remains approximately constant, however, the background concentration of chloride fluctuates and the concentration of sodium declines with increasing depth. Typical volcanic signals generally last about 3 years above the background level at high-accumulation rate sites [e.g., Palmer et al., 2001] . Figure 2 shows examples of two pairs of sulfate peaks from the c(t) profile of a similarly integrated area (total flux contained in the peak) that we might expect to have been deposited over similar timescales if they are of volcanic origin, first in shallow ice and then deeper in the core. The durations of the older peaks have considerably longer full width at half maximum (FWHM) values than the younger ones.
[10] This effect, although typical, is not seen for every peak observed in the deeper ice, occasional peaks having durations similar to the upper core. A generalized method is required to quantify this observed peak damping.
Method 2.2.1. Profile Analysis
[11] Postdepositional movement of chemical species in an ice core will be indicated by changes in the mean characteristics of the profile with depth that cannot be attributed to climatic trends. Time-dependent frequency analysis indicated a reduction in high-frequency spectral power with increasing age for all three species (Figure 3) . No strong periodicities were observed in the profiles.
[12] The profiles were also examined for a variable we could relate more directly to diffusive processes of the random signal, where the mechanism for diffusion is unknown. The gradients of individual peaks are of little interest because the circumstances by which each peak was deposited will be unique in each case. However, the mean absolute peak gradient, m z , within a section of ice Áz tends to become representative of the ''sharpness'' of chemical peaks or fluctuations for ice of an age corresponding to its depth z:
where dc(z) is the difference between successive points of c(z). Hence strong fluctuations in the concentration profile correspond to a high value of m z ,and if a diffusive process is occurring in the ice then we expect a reduction in the value of m z with age as the size of fluctuations decrease. Equation (1) can be viewed as performing a windowed-differencing operation on the concentration profile. Figure 1 also shows m z , calculated using 10 m windows, plotted against depth for sulfate, chloride, and sodium. The magnitude m z varies broadly with the size of fluctuations in the profiles c(t); for sulfate and sodium a significant downward trend in m z with depth and age is evident, while chloride shows a small decline in the peak gradients, then a rise and decline corresponding to the increase in concentration between z = 250 and 336 m. This increased chloride concentration was observed by Udisti et al. [2000] , and it is considered to be linked to a higher-accumulation rate during the period. 2À , Cl À , and Na + against unthinned ice equivalent depth and time in the core, z. The profile spans a period of around 11,000 years. The vertical lines bounded by error bars show the mean absolute gradient, m z , of the profile, calculated within 10 m windows. Points are removed when more than 65% of expected data are missing from a 10 m section. Errors bars give the statistical uncertainty on m z , calculated using an estimated error of 2% on chemical measurements. [Barnes et al., 2003] across volcanic horizons in ice of different ages. The bold line in the upper left hand plot shows the predicted sulfate profile of the Tambora peak after 11,000 years of grain growth using the connected grain growth model. Full width half maximum (FWHM) values are indicated and measured from the lowest point of each sulfate peak. damping caused by climatic variation and damping due to postdepositional diffusion. For example, the decreasing sodium trend (Figure 1 ) is coupled with a decline in the strength of signal oscillations (and m z ), which we could interpret as resulting from diffusion. However, it appears more likely that the effect is simply due to weaker climate signals reaching the core in the past. A further operation must be performed on the profiles, to attenuate the impact of climatic variation during the period of study.
[14] The profiles were broken into peaks where the boundaries of the peaks were defined by local minima in concentration. The area under each peak was calculated, with its base set at the concentration level of the local minimum. Ten-meter sections of the core were examined; the total ''area'' contained within chemical peaks (mM m) for each section is plotted against the mean concentration for the section, c z , in Figure 4 . All three plots suggest that there is an approximately linear relationship between the mean concentration and signal fluctuation. This implies that ice with higher mean concentration also has higher variability. The chloride and sodium curves pass close to the origin; however, extrapolating the curve for sulfate indicates that if the fluctuations in the profile drop to zero there would still be a residual concentration of c 0 = 0.54 mM. This seems physically plausible, if background sulfate is attributed to biogenic production from the ocean with relatively low variability while larger superimposed fluctuations are predominantly volcanic. Since impurity is conserved in the ice, the mean concentration of a section can be used to infer information about the variability of the signal at the time of deposition if we assume that these linear relationships hold for the mean characteristics of the signal. On this basis, the concentration measurements were rescaled by effectively normalizing the data to its local background concentration, to produce a more consistent signal for analysis, where the original climatic information is no longer important. This operation cannot completely eliminate the impact of varia- 2À , Cl À , and Na + are 0.54 ± 0.04, À0.09 ± 0.06, and À0.05 ± 0.05 mM, respectively. tion in volcanic frequency, but should aid comparisons between different sections of the core.
[15] The chloride and sodium profiles are rescaled to give c 0 (z):
and the rescaled sulfate profile is given by:
where c z is the mean concentration for the complete profile and c z is the mean concentration in a Áz long section of core at depth z. As well as scaling fluctuations in the concentration to the local background level, trends are removed from the profile at timescales greater than Áza
À1
(where a is the accumulation rate). The correction does not influence the measurement of the diffusive component of the signal because c z is independent of any diffusive processes. The mean absolute gradient for the corrected concentration profile, m 0 z , was found by substituting c 0 (z) from equation (2) or (3) into equation (1).
Effective Diffusion
[16] Diffusion can be modeled using a one-dimensional model since the chemical content of the ice can be assumed to be horizontally isotropic. The downward velocity of the signal in solid unstrained ice is assumed constant for the period under consideration, and can be taken from the accumulation rate to give u z = 0.030 m yr À1 since z = u z t, where t is the time since the deposition of the ice. We consider the peak's frame of reference, where z 0 represents the vertical distance from the center of the peak at z 0 = 0. The diffusion of the bulk concentration is described by:
D eff represents the effective diffusion coefficient for the chemical species through the solid ice. The variation in the volume fraction of ice in the firn, c(t), is also included to account for densification. However, the value actually represents a time-averaged effective diffusivity that includes the effects of strain on the ice.
[17] When solving a relation of the form given by equation (4) describing the diffusion of stable isotopes in a core, Johnsen et al. [2000] relate a diffusion length, l, to the D eff (t):
Since in this case, we are considering the unthinned ice equivalence depth profile, the vertical strain rate, _ e z (t) = 0. They then expressed the solution of equation (5) for a harmonic cycle of wave number k to give the amplitude of a signal oscillation, H:
where H 0 is the initial amplitude. Here peaks are taken to be triangular in shape, an adequate approximation given the sampling frequency. The wave number can be related to the mean peak width as k $ 2p/w, where the mean peak width (vertical span in ice) for the whole profile (z total ) is calculated from:
dz is the distance between consecutive c 0 (z) measurements and m is the mean absolute gradient for the whole profile. Mean height of fluctuations ( peak height) at a depth z is related to the mean peak width and absolute gradient by:
By ignoring the effects of densification, we can assume that D eff is constant in time. We approximate H $ h(z) and relate the wave number to the mean peak width as k $ 2p/w in equation (6); solving equation (5) and then using equations (6) and (8), the effective diffusion coefficient is given by:
where m 0 is the initial mean absolute peak gradient.
Results
[18] The rescaled profiles of c 0 (z) with a rescaling window depth of Áz = 10 m (330 years) are plotted in Figure 5 for all three impurities. The variation of m 0 z with time and depth is also plotted in Figure 5 . The sulfate and chloride profiles show a significant downward trend in the value of m 0 z with age, while sodium does not. Given that the bulk of the effects of climatic variability are removed at least on a timescale >330 years, the decline in m z indicates that, in the top 350 m of the Dome C core, SO 4 2À and Cl À ions exhibit some mobility since peaks either become broader or are damped with depth while Na + ions appear to remain fixed. This is the quantitative expression of the visual observation of peak broadening exemplified in Figure 2 . The values of w for the SO 4 2À , Cl À , and Na profiles are 0.19, 0.29, and 0.13 m, respectively.
[19] Curves of m(z) were then numerically fitted using equation (9) to the observed data for m 0 z in Figure 5 to give the values of D eff for SO 4 2À and Cl À of (3.9 ± 0.8) Â 10
À8
and (20 ± 6) Â 10 À8 m 2 yr
À1
, respectively (1 Â 10 À15 and 6 Â 10 À15 m 2 s
) and for m 0 of 4.7 and 3.4 mM m
. By contrast, the fitted D eff value for Na + is (À0.1 ± 0.4) Â 10 À8 m 2 yr À1 showing no diffusion. These values were checked against results from a numerical model of diffusion containing the c(t) term where equation (4) was discretized to construct a finite difference model, using a forward-time, centered-space scheme. The initial peaks were defined using values found for w and m 0 . The diffusion coefficients found to fit m 0 z best for SO 4 2À and Cl À are close to those determined using equation (9); they were 2.4 Â 10 À8 and 15 Â 10 À8 m 2 yr
. Model outputs are also plotted in Figure 5 and were not significantly sensitive to changes in initial peak shape.
Discussion
[20] Although here we only consider the top 350 m, where climate and layer thickness change little, it seems as if the process continues with depth. Sulfate data are not yet available for the last interglacial period (around 1650 m, 130 kyr); however, dielectric profiling (DEP) data have been collected; DEP peaks are normally congruent with sulfate peaks . When comparing signals from very different depths, care must be taken since temporal resolution is lost due to layer thinning. However, DEP peaks at 1650 m are typically around 0.30 m width, which would represent over 20 years, while peaks in previous interglacials are even broader and much more attenuated in amplitude (E. Wolff, personal communication, 2002) .
[21] It is not clear whether volcanic activity throughout the Holocene has continued at a constant rate. This is often implicitly assumed and has been found to be the case for the last 1000 years [Roscoe, 2001] . However, Cole-Dai et al. [2000] have inferred an increase in volcanism over the past 4000 years by examining large sulfate peaks from an East Antarctic core (Plateau Remote). Increased explosive volcanism compared to the present was also noted in the Northern Hemisphere at the transition from the last ice age up to 6000 years before present [Zielinski et al., 1997] . A change in volcanic activity will obviously influence the variability of the signal, and the fluxes of acid reaching the site. It is clear on comparison with Figure 1 that the rescaled sulfate profile ( Figure 5 ) is partially influenced by volcanic activity because the two main sources of sulfate (biogenic background and volcanic spikes) vary independently. Consequently, diffusion estimations for sulfate made using the original data in Figure 1 could be more appropriate than the rescaled data in Figure 5 .
[22] Layer thinning will increase the spatial concentration gradient across chemical peaks as the signal is compressed; at the bottom of this section (z = 336 m) a layer is 88% of its original ice equivalent thickness. This could allow more rapid diffusion than we measure on the z scale where the peaks at lower depths are ''stretched'' back to their unthinned shape.
[23] To establish unequivocally whether the diffusion apparent here is a real phenomenon in this section of core, analysis of a similar chemical signal from an ice core with a differing accumulation rate is required. As long as the content of the profiles from the differing cores is dominated by the same climatic signal the direct comparison of chemical peak shapes would yield the effective diffusivity.
Diffusion Mechanisms
[24] This section discusses the possible arrangements of the impurities in ice, and develops two mechanisms by which impurities could be transported. One considers liquid transported through veins under the action of grain growth, and the other considers liquid confined to disconnected clusters. We concentrate on the example of H 2 SO 4 . The phases and distribution of impurity, which will determine the pathways available for transport, are considered initially.
3.1. Impurity Phase and Distribution 3.1.1. Vapor Phase
[25] Vapor transport might be expected in the upper layers of ice through the pore space between the crystals, particularly, if the surfaces of the crystals were coated with the impurity. Below the pore close-off depth (z $ 71 m), vapor diffusion would be exclusively confined to the insides of bubbles and hence negligible. However, the partial vapor pressure of H 2 SO 4 is extremely low at À53.5°C [Gmitro and Vermeulen, 1964] , such that the ratio of acid molecules (28)).
in the vapor phase to the liquid phase is <10
À14 in firn where c = 0.5 and c = 1 mM. If the diffusivity of H 2 SO 4 vapor in air is $10 3 m 2 yr À1 then the effective diffusivity of H 2 SO 4 in ice through the vapor phase is negligible (<10 À11 m 2 yr À1 ). Examination of m 0 z in Figure 5 indicates that peak broadening continues at a similar rate after the pore close-off depth, further confirming that vapor diffusion of H 2 SO 4 is not a dominant mechanism.
[26] HCl is considerably more volatile than H 2 SO 4 , and this may in part explain its greater diffusivity. Significant quantities of HCl are thought to be lost through the vapor phase from top few meters of the firn at Dome C [Traversi et al., 2000] . It seems plausible that transport is occurring in the upper part of the core (z < 71 m), however, there is too much scatter for certainty ( Figure 5 ).
Solid Phase
[27] Observation of concentrated liquid H 2 SO 4 at triple junctions in cold polar ice with relatively low bulk concentrations (c = 7.5 mM) [e.g., Mulvaney et al., 1988] allows an estimation of its solubility limit in the ice. The bulk concentration, c, is related to the volume fraction of liquid in the ice, v, by:
where c i is the concentration of solute dissolved in the lattice, and the concentration of liquid in the veins, c v , is determined to a first order by temperature of the ice (c v $ 4.3 M at Dome C). Solute will diffuse from the veins into the lattice until it is saturated or v = 0 (with an estimated diffusion length of l = 0.2 mm and if sulfate diffusivity is of the same magnitude as the self diffusion of water, D H 2 O $ 10 À10 m 2 yr À1 , this could occur within about 400 years at Dome C). Therefore at equilibrium a lattice solubility limit <10 À5 M is indicated when v > 0 contradicting a recent study that found a solubility limit of 112 mM in laboratory ice [Trickett et al., 2000] .
[28] A similar argument holds if the concentration in the lattice is determined not by absolute solubility but by the ratio of solute concentration in ice to concentration in liquid, described as the equilibrium distribution coefficient:
[29] The volume fraction in the veins is then:
Values of k eq often quoted at $10 À4 [Alley et al., 1986a; Dash et al., 1995] would preclude liquid being present in veins at bulk concentrations c < 430 mM, which is contrary to the observation of liquid-filled veins implying k eq < 2 Â 10
À6
. We therefore conclude that it is unlikely that a significant concentration of SO 4 2À is in the lattice. [31] The thermodynamics of HCl in ice were considered by Thibert and Domine [1997] , who found that solid ice is slightly soluble for HCl (k eq $ 3.5 Â 10 À4 at À53°C) and that its diffusivity through a single crystal is about 3 Â 10 À9 m 2 yr
À1
. Although a significant proportion of the HCl could reside in within the lattice, direct diffusion through the solid would be too slow to explain the observed diffusion ($2 Â 10 À7 m 2 yr À1 ).
Liquid Phase
[32] The eutectic point of H 2 SO 4 is at À73°C [Gable et al., 1950] , so it is possible for the acid to exist as an aqueous solution within the ice at Dome C. The diffusion coefficient of sulfate ions in water at À53°C is estimated to be D = 7 Â 10 À2 m 2 yr À1 [Weast, 1977 [Weast, -1978 , significantly greater than D eff . Consequently, a mechanism where impurity moves within the liquid phase seems the best candidate for describing the observed peak broadening. We must next consider how liquid can be arranged in the ice.
Liquid Distribution
[33] The liquidus relation defines to a first order the concentration of liquid acid in the ice with varying temperature [Gable et al., 1950; Weast, 1977 Weast, -1978 . The temperature of the Dome C borehole in the upper 350 m is À53.5°C, so the concentration of liquid sulfate in the veins will be c v $ 4.3 M regardless of c. It is the volume fraction of liquid in ice that varies with bulk concentration. If the impurities were not mixed, H 2 SO 4 and HCl (if it is not dissolved in the lattice or the lattice is saturated) should be in the liquid form and NaCl should be solid since it is below its eutectic temperature of À21°C. Although low temperature phase compositions for mixtures of these impurities are not known, the absence of diffusion noted in Figure 5 strengthens the hypothesis that sodium is ''locked'' in the solid phase.
[34] Studies have shown H 2 SO 4 to exist in veins at the triple junctions between grains of polar ice in some samples [Fukazawa et al., 1998; Mulvaney et al., 1988] . Theoretical studies by Nye [1991] and laboratory studies by Mader [1992] have addressed the implications raised by the existence of liquid in veins in polar ice. A more recent study by Rempel et al. [2001] showed that the temperature gradient of an ice sheet causes a liquid concentration difference in a network of connected veins, which could allow the migration of the chemical profile like a moving wave. Other recent work by Cullen and Baker [2000] and Barnes et al. [2002] suggests that some impurities are also located in films at grain boundaries. It is also likely that some impurity forms a liquid layer coating the inside of the bubbles. The occurrence of liquid at grain boundaries will be dependent on the relative free energies of the ice-ice interface, g ii , and the ice-liquid interface, g il ($34 mJ m À2 ), which are not well established for the borehole temperature. It is also not established whether liquid in veins or grain boundaries is connected throughout the ice sheet; this will be related to relative interfacial energies and the lattice solubility.
Vein Structure
[35] Pressure, solute concentration, and curvature [Woodruff, 1973 ] components contribute to the total temperature depression of the freezing point in a vein, q; at 0°C it is given by Mader [1992] as:
where T 0 is the melting point of pure ice (273.16 K), L f is the latent heat of freezing (306 MJ m À3 ), r i and r l , are the densities of ice and water, respectively, R is the universal gas constant (8.314 J K À1 mol
À1
), c v is the concentration of solute in the veins (mol m
À3
). Note that r v (the radius of curvature of the vein faces) is related to the area of cross-section of the vein, s, by a geometric factor a such that s = ar v 2 . The value of a is determined by the dihedral angle of the veins; a generally accepted mean value for polar ice is a = 0.0725 [Nye, 1991] .
[36] In this study we can neglect the effects of overburden pressure melting which is insignificant over depth scales corresponding to typical signal periods (dT/dP = 0.0074°C bar
À1
; so the freezing point is depressed a further 3 Â 10 À4°C over a depth of 0.5 m in ice). The ideal solution term (second term on the right hand side of equation (13)) is unsuitable for the temperatures observed at Dome C since it diverges from the observed liquidus relation. We use a linear interpolation of the liquidus relation for H 2 SO 4 at the temperature of interest (approximately À53°C), so that the temperature depression is given by:
The concentration in a vein, c v , is related to the radius of curvature and the bulk concentration, c, by:
where l is the vein density, i.e., the length of vein per unit volume of ice (m À2 ). Since q is defined by the temperature of the surrounding ice and is constant for the top 350 m of the core, we can find the concentration of the liquid in the veins if l and c are known at a particular depth. By substituting r v from equation (15) into (14), and solving we get:
where
For the case of liquid at grain boundaries rather than just at triple junctions, the curvature term (third term on right hand side) in equation (13) can be substituted by a term that describes the depression of the freezing point as the thickness of the liquid layer, d, decreases. This is due to the action of electrostatic forces such as Van der Waals between the interfaces [Dash et al., 1995] . It follows that since in this case g ii = 2g il , as the film thickness increases, the surface energy of the whole boundary decreases from g ii ! 2g il , which requires an increase in the solute concentration for the film to remain liquid. The subsequent model results given in section 3.3 are therefore qualitatively applicable to liquid at grain boundaries as well as liquid in veins.
[37] It is also likely that some solute may be located in liquid layers on the inside of air bubbles and possibly also liquid layers coating dust particles. The implications of this possibility will not be explored in this paper.
Transport Mechanisms
[38] The presence of liquid in an ice sheet does not in itself imply an obvious mechanism for the movement of solute. There is no significant temperature gradient in this part of the core, so concentration of solute in the vein network is constant to the first order. Two distinct possibilities arise; one being that the acid located in veins or at grain boundaries forms a network of connected pathways throughout the ice through which solute could move. The other is that the liquid-filled veins or grain boundaries are not fully connected, and are scattered throughout the ice sheet in pinched-off clusters of varying size. We propose a mechanism for each case to account for the observed peak broadening. The driving force for both models is normal grain growth, without which very little change would be expected in the chemical profile. Both consider liquid to be located at veins, although they are qualitatively applicable for liquid at grain boundaries, which is a more plausible distribution in the shallow firn [Barnes et al., 2002] .
[39] If the impurities are located in a connected network of veins or grain boundaries, then grain growth can induce variation in liquid concentration. Presuming solute concentration inhibits grain boundary movement then this first mechanism (section 3.3) can describe the observed diffusion remarkably well. For the case where grain growth is not inhibited by soluble impurity, a second mechanism is also proposed where we infer that the liquid impurity may not be fully connected in most parts of the ice sheet. This mechanism (section 3.4) allows solute movement in regions of high concentration, but only limited movement in sections of low concentration. As grain growth continues, the likelihood of solute movement increases throughout the ice; a rough estimate of the mechanism's effective diffusivity is also close to the observed diffusion.
[40] Study of the detailed microstructure of ice will help to determine the most likely of the mechanisms. There may be other plausible mechanisms for diffusion not considered here, perhaps involving a limited lattice solubility, where the veins act as pathways for diffusion into and out of grains in different concentration regions. However, it is hard to envisage how impurity in veins could exist detectably under such circumstances.
Connected Model
[41] A connected network of veins implies that, if the temperature is constant, the concentration of liquid in all the veins should be close to equilibrium. Variation in the bulk concentration, c, can then only be accounted for by variation in the volume fraction of liquid v. If we take the simplest case where ice is insoluble in H 2 SO 4 so that c i = 0 then v = c/c v (see equation (10)). A chemical peak in c(z) can then either be accounted for by an increase in the vein cross-section, s, with a corresponding increase in r v , or there must be an increase in the vein density, l (vein length per unit volume), with a corresponding decrease in the crystal size. Variation in the liquid volume fraction, v, by differing vein diameters is unstable since differences in r v imply the existence of concentration gradients, equations (15) and (16), leading to the loss of bulk variation within decades. If the impurity is connected in the liquid phase there must be a variation in crystal size and l to accommodate fluctuations in c. At equilibrium, there is no concentration gradient to move solute, and thus we would expect the chemical signal to remain fixed. Evidence exists to suggest that grain size is anticorrelated with impurity content, and could affect grain growth rates causing variation in grain size [Alley et al., 1986b] . However, recent work by Weiss et al. [2003] on the Dome C core showed that soluble impurities are much less significant in influencing grain growth rate than previously thought, variation being primarily correlated to dust content.
[42] This first model proceeds by assuming that at an early stage during the deposition process, the presence of H 2 SO 4 inhibits grain growth such that l correlates with c. The mean grain area, A, increases linearly with time [Gow, 1969] :
where A 0 is the initial size of the grains and t is the time since deposition (A 0 = 0.8 mm 2 at Dome C) [Duval and Lorius, 1980] . We estimate the dependence of the grain growth rate, K, on impurity content using the relation described by Alley et al. [1986b] where:
where M i is the intrinsic mobility of a grain boundary and is dependent on temperature, a ib is the impurity-boundary interaction parameter, and c f = 18 Â 10 À3 c is the atomic fraction of impurity in the ice (where c is the concentration in molars). At Dome C,
and a ib = 7.5 Â 1022 (N À2 )/(m s
À1
) for chloride ions [Alley et al., 1986b] ; we use here this value as an estimate of the impact of sulfate ions on boundary drag. As the grains grow, the mean vein density is reduced; following the work of Nye [1991] , we set l % 3/A, so that using equation (17) vein density changes according to:
where l 0 is the initial vein density, and the rate of change of the vein density is:
Note that the vein density will decrease more rapidly in a region with a higher value of l 0 (i.e., smaller grains) than a region starting with a lower vein density despite inhibition of growth rate by impurity. Applying equations (15) and (16) after grain growth has occurred shows that any differences in @l/@t cause perturbations in s and r v with corresponding perturbations in the vein concentration c v ; this is shown schematically in Figure 6 . Slight variation in c v will allow diffusion through veins toward equilibrium, however, during continued grain growth equilibrium cannot be reached because vein densities in sections of different concentration alter at different rates causing further perturbation s in c v . Under conditions where the impurityboundary interaction parameter, a ib , is small enough (as is the case when using the parameter for Cl À ) the net result is a movement of solute away from regions of high bulk concentration in chemical peaks. The following numerical model demonstrates the effect.
[43] Initial conditions are determined using the initial bulk concentrations for peaks as used in the numerical diffusion model in section 2.3. All variations in c are assumed to be correlated to l so that initially r v and c v are constant and are determined using equations (15) and (16). The time step used was Át = 25 years, the local depth Figure 6 . Impact of grain growth on vein size in the connected grain growth model, schematic crosssection. Two sections of ice with vein radius r v1 and r v2 , and vein concentration c v1 and c v2 that initially have veins of equal radius but differing grain size undergo constant grain growth. The resulting imbalance of vein radius causes the diffusion of solute and heat along the veins, where D denotes diffusivities.
increment was Áz 0 = 0.01 m, g ii = 34 Â 10 À3 J m À2 [Nye, 1991] , and K is calculated using equation (18). The mean value of A 0 = 0.8 Â 10 À6 m 2 gives a mean l 0 = 3.75 Â 10 6 m À2 . For each time step the new values of l are calculated across the peaks, this gives rise to new values of c v which are recalculated from equation (16). A diffusion step is then run to find the new distribution of c, given by a discretized version of the following:
where the factor of 1/3 takes into account the proportion of veins orientated vertically. D is the diffusivity of sulfate ions in water at À53°C (D = 7 Â 10 À2 m 2 yr À1 ) [Weast, 1977 [Weast, -1978 . The gradient, m, of a typical peak (with an initial gradient of m 0 ) diffused in the model can be seen in Figure 5 and it corresponds reasonably well to the observed change in m 0 z . This gives us confidence that if the veins in ice are connected it is possible for grain growth to instigate solute movement along veins at a rate comparable to that observed at Dome C. Diffusion by this mechanism yields an effective diffusion coefficient,
À8 m 2 yr À1 from the methods outlined in section 2.3. This value is remarkably close to the observed diffusion, given the number of estimations included in the model. The model is sensitive to variation in the growth inhibition parameter, a ib . If a ib is doubled, D eff changes by a factor of 0.6 and if a ib is halved D eff increases by a factor of 1.5. Variation in the initial conditions of grain size (and hence l) also has a significant impact on the model output. Initially, if no variation in grain size is assumed, then the corresponding large variation in r v causes a very rapid diffusion in the first 1000 years corresponding to D eff $ 6 Â 10 À7 m 2 yr
. After this, much of the initial variation in bulk concentration is lost and D eff soon drops to around 10 À8 m 2 yr À1 .
[44] Using this mechanism, we can predict the future shape of a peak in the upper layers of the firn. The upper left hand plot in Figure 2 shows the current shape of the sulfate signal from the Tambora eruption at Dome C and its profile in 11,000 years time if the normal grain growth continued with solute movement occurring by the above mechanism. The initial conditions assume variation in grain size across the peak.
[45] The model cannot be considered realistic for veins in the upper part of the firn; at these depths an interconnected vein network will not exist at least until the volume fraction of ice in the firn is c = 0.435 À 0.59 [Shabtie and Bentley, 1994] ; connection can be expected between grain boundaries, however, although the role of ice-air interfaces is not fully understood. Tortuosity is not included in the model and could reduce effective diffusion rates particularly in a less well-connected system. Liquid film coating the inside of bubbles could act as a sink for acid diffusing in from the adjacent veins, possibly slowing peak broadening more than the correction factor c. It is interesting to speculate on the impact of the mechanism proposed by Rempel et al. [2000] when applied to the strong annual temperature variation on impurities in the upper layers of firn. One might expect the solute to be ''pumped'' both upward and downward cyclically by the fluctuating temperature gradients. This could enhance diffusive processes in the top section of the core, as the solute encounters variation in the amount of grain boundary or vein for its location.
Disconnected Model
[46] There is some evidence to suggest that liquid confined to veins or grain boundaries may not be fully connected (many triple junctions and grain boundaries observed under the scanning electron microscope appear to be free from impurity). Weiss et al. [2003] did not note large variation in grain size across volcanic peaks and this suggests that if there is liquid it may not be connected vertically in the core since without variation in crystal size, a connected vein or grain boundary network would be an unstable configuration for bulk chemical variation to persist (section 3.3). In this case some grain boundaries of triple junctions will contain impurity while others will remain impurity free.
[47] The theory of percolation in random lattices can be used to describe the connectedness of a system [Stauffer and Aharony, 1992] . When a critical fraction (P c ) of sites in the system or lattice are occupied, they form a continuous connected pathway through the lattice that is then said to percolate. The change from disconnected to connected or percolating occurs abruptly with only a small change in the site occupation probability, P. Polycrystalline ice can be considered as a lattice of veins or grain boundaries surrounding ice crystals or the triple junctions connecting them. Shabtaie and Bentley [1994] applied this idea to model ice grain boundaries as a lattice of connected conductors where conducting pathways were broken by the removal of sites due to air bubbles.
[48] Consider lattice points formed by either grain boundaries or triple junctions that are empty if they do not contain impurity. If adjacent sites are filled, they are said to be connected, and form part of a cluster. The process of Figure 7 . (opposite) Peak broadening by percolation in a two-dimensional lattice during grain growth of a disconnected system. The light squares in the black blocks on the left hand side represent filled sites in a two-dimensional lattice that evolves with time. The vertical and horizontal axes represent their respective spatial dimensions (arbitrary units); any adjacently filled sites are ''connected'' in a cluster in which impurity will equilibrate. The initial occupation probability of a site is given by P, which varies across the peak (bold line), and simulates a layer of interstitial impurity within ice. The normalized summation of the contents of each horizontal row in the lattice represents the impurity concentration at that depth (fine line). (a) Initially, a site (lattice square) corresponds to a grain size of A 0 . The total quantity of impurity is conserved. Two grain growth steps increase the grain size of the lattice: (b) from A 0 to 4A 0 and (c) from A 0 and 16A 0 ; this is represented by the increasing size of the lattice squares. The brightness of a square relative to others in the same lattice represents the comparative concentration of the site or cluster. As grain size increases, the fraction of empty sites reduces and peak broadening is seen by solute movement through connected clusters. The apparent increase in brightness represents impurity spread over increasing spatial dimensions. normal grain growth removes sites from the lattice. We hypothesize that in the case of filled veins or grain boundaries (modeled as occupied sites in a lattice), the dimensions of connected clusters increase during grain growth. This is modeled by the removal of sites from the lattice with a corresponding movement of impurity from removed sites to neighboring ones. This effect could explain the observed peak broadening in a poorly connected network.
[49] To demonstrate the concept, a two-dimensional square lattice is used (this has a coordination number of 4 similar to a vein network). Sites are randomly filled according to an occupation probability P; a higher density of occupied sites (initially containing an arbitrary concentration value of 1 as opposed to 0) represents a higher concentration of impurity in the ice. A chemical peak is described by varying P with depth, see the thick solid curve in Figure 7 , the thin curve represents the normalized sum of all the points in that row of the lattice. Any adjacent filled points are connected together in a cluster. The content of the cluster (sum of its points) will adopt the mean value of all its points to simulate the equilibration in vein size referred to in section 3.3. Removing sites from the lattice then represents grain growth. If an occupied site is removed, its contents jump randomly to a neighboring site regardless of whether it is filled, this represents liquid being relocated to other grain boundaries or triple junctions as the grain they surrounded is ''swallowed up'' by others. The relocation of the contents of filled sites may cause some clusters to reequilibrate as they receive the contents of previously unconnected sites. By this process, regions of high concentration are spread, mimicking the broadening of chemical peaks. The evolution of a twodimensional lattice can be seen in Figure 7 , where bright squares in the lattice represent filled sites, although the brightness of the square not its size represents the site concentration. To assess this mechanism applied to a network of veins or grain boundaries (sites) in an ice sheet where the individual sites may either contain impurity or no impurity (filled or unfilled), we must first determine how the proportion of filled sites will vary with grain growth.
[50] Consider a lattice in which a fraction P of all possible sites are filled. Although the total content of the lattice is conserved, the total number of lattice sites is not; so removing a filled site from the lattice does not remove its contents, which must move to an adjacent site. A small fraction, Áf, of the total number of sites in the lattice is then removed (representing grain growth). For any site that is randomly removed from the lattice there are the following possibilities: (1) the removed site was empty, (2) the removed site was filled and its contents jump to a neighboring empty site, and (3) the removed site was filled and its contents jump to a neighboring filled site. The probability of each of these events is given by:
We are initially only concerned with whether a site is filled or unfilled, regardless of its total amount of content. The summation of the probability of each event multiplied by the fraction of sites that will be filled if the event occurs gives the expectation value of a site being filled after a growth step:
The removal of the fraction, Áf, sites gives a difference in the occupation probability:
N is the total number of sites in the lattice and ÀÁN is the change in the number of sites such that Áf = ÀÁN/N, thus:
Considering the ice sheet as a continuum we find:
This can be rearranged and integrated to give:
where C is a constant of integration. Given that initially P = P 0 , N = N 0 , and F = N/N 0 is the fraction of sites remaining after grain growth, then:
Using the grain size, A, we approximate the site density (the number of possible sites per unit volume) as N % 3/A 3/2 , so F may be found using equation (17):
[51] If the distribution of filled sites remains close to random, a reasonable assumption if sites were removed randomly from the lattice, an estimation of the mean cluster length can be found using a standard percolation theory relation. The mean length of a cluster, L, (scaled by the lattice point dimensions, A 1/2 ) is approximated by [Stauffer and Aharony, 1992] :
where P c is the critical site occupation probability and u is an argument related to the geometry of the lattice. If impurities are located at grain boundaries then u = 0.5 and P c = 0.08, if they are located in veins then u = 1.35 and P c = 0.435 À 0.59 [Shabtaie and Bentley, 1994] . In either case L increases rapidly as P increases toward P c . This tells us that when P c is reached in any particular section, a connected cluster will be formed in which impurity concentration can equilibrate. Thus as grain growth occurs, we expect P c to be reached at the center of a peak earlier than at its edges since the occupation probability is highest where the concentration is highest. In this manner impurity will spread away from the center of the peak as the percolation probability is reached during grain growth, and cluster lengths increase around the peak. The movement of solute is limited by its ability to move from peaks where P has exceeded P c to the surrounding background where P < P c ; it is apparent that cluster lengths in the background ice will dictate diffusive effects.
[52] We now obtain an estimate for the effective diffusivity of the system. Given a background concentration in the upper core of 0.7 mM, we can estimate the initial occupation probability, P 0 , for the veins if the initial area of cross-section of a vein is ar v 2 = 1 mm 2 and the mean grain size is A $ 1 mm 2 . We calculate P 0 by finding the length of filled vein using equation (15) and the total length of vein from l total = 3/A:
With the above values P 0 = 0.054. The change in the mean cluster length during grain growth is then approximated by substituting equations (17), (28), and (29) into equation (30) using a constant rate of grain growth K = 4 Â 10 À4 mm 2 yr À1 [Gow, 1969] (Figure 8 ). Figure 8 shows that there is a change in the cluster length, ÁL, of around 18 mm over a period of 10,000 years, giving an approximate D eff (where
À8 m 2 yr À1 , close to the observed value for sulfate. This value is dependent on the value of P 0 , which is determined here by the choice of crystal size and vein area. Note that the diffusion within peaks for this method will be considerably higher than at its edges due to the variation in P (and consequently connectedness) across the peak. This implies that much less solute movement will be observed in regions of low concentration than in regions of high concentration.
Conclusion
[53] The chemical profiles at Dome C show evidence of postdepositional movement of sulfate and chloride ions but not sodium in the ice sheet. The observed diffusion rates indicate minimal loss in signal resolution and detail after 11,000 years. Only events of a comparable magnitude to the background fluctuations in the sulfate and chloride signals are no longer detectable. There is, however, a reduction in the amplitude of the signal, as solute is transported to the surrounding ice, and this corresponds to some broadening. Caution is needed before drawing conclusions about factors where the relative concentrations and durations of peaks are important, particularly at low-accumulation rate sites. For example, the values of D eff should be used to estimate the extent of the signal damping before assessing volcanism and eruption rates. The total volcanic flux (the integral of the peak concentration in terms of ice equivalent depth, kg km À2 ) remains a reasonably robust measure of the magnitude of a signal for clearly defined volcanic peaks in this section of core. However, total volcanic flux is likely to be underestimated in cases where the peak boundaries run into neighboring background peaks at the lower end of the section and for even older peaks in the ice.
[54] Diffusion of either sulfate or chloride solely through the ice lattice is too slow to explain our observation, although vapor diffusion of HCl may explain peak broadening in the porous part of the core. Diffusion through the liquid phase seems the most plausible possibility; however, in ice of a uniform temperature, variation in the bulk concentration is matched by variation in liquid volume but not in concentration, so a liquid concentration gradient is absent.
[55] We have developed two mechanisms for liquid solute movement. Both the proposed mechanisms rely on the process of grain growth to move solute. The similarity of the D eff values from each model suggests that the growth rate is the variable controlling the observed effective diffusivity in the core. If this link proves to be robust, grain growth rate could be a useful tool for assessing postdepositional change in cores at other sites.
[56] Understanding the transport mechanisms that could be at work allows us to assess the extent of signal loss at depths greater than those observed here. In ice from the last glacial period, we expect a lower proportion of the impurity at Dome C to be in the liquid phase, partly due to the neutralization of acids by dust particles, a substantial proportion of which are found at grain boundaries [Barnes et al., 2003] . This, compounded with a halt in grain growth due to the pinning of boundaries by the particles, would lead to a reduction in impurity mobility in these sections.
[57] In previous interglacial ice, grain growth does not continue indefinitely; maximum grain size is reached either by pinning or other factors, such as polygonization caused by sheer stress and overburden pressure. We may expect to see residual structural detail remaining in the profile at substantially reduced amplitude in ice that is hundreds of thousands of years old. With the mechanisms proposed by this paper, a halt to grain growth would also halt the movement of solute within veins or grain boundaries. If the net grain size began to reduce again then it is conceivable that chemical peaks could become sharper again if veins are connected. However, when layer thinning continues even though grain size remains constant the result is that soluble impurity in a peak does not experience the vertical strain of the ice surrounding it. This ''stretches'' the duration of the peak in the time domain as the ice is thinned, so the diffusion length comes to represent an increasing age increment. Analysis of highresolution records from greater depth should throw further light on the processes described here.
[58] At very great depths near the bottom of the ice sheet, warmer temperatures will increase grain growth and there will be extreme layer thinning. The effects noted above will have a much greater impact on the fine-scale detail of the ice core record which will be obliterated, leaving only longer term climatic trends. The higher temperatures deeper in the core could also lead to the mobilization of previously fixed solutes such as sodium chloride.
